The hydroxyl radical (OH) reacts with thousands of chemical species in the atmosphere, initiating their removal 30 and the chemical reaction sequences that produce ozone, secondary aerosols, and gas-phase acids. OH reactivity, which is the inverse of OH lifetime, influences the OH abundance and the ability of OH to cleanse the atmosphere. The NASA Atmospheric Tomography (ATom) campaign used instruments on the NASA DC-8 aircraft to measure OH reactivity and more than 100 trace chemical species. ATom presented a unique opportunity to test the completeness of the OH reactivity calculated from the chemical species measurements by comparing it to the measured OH reactivity over two oceans across 35 four seasons. Although the calculated OH reactivity was below the OH reactivity instrument's limit-of-detection for much of the free troposphere, the OHR instrument was able to measure the OH reactivity in and just above the marine boundary layer. The average measured value of OH reactivity in the marine boundary layer across all latitudes and all ATom phases was 1.9 s -1 , which 0.5 s -1 larger than the average calculated OH reactivity. Concurrently, missing OH reactivity, the difference between the measured and calculated OH reactivity, was measured to be ~0.5-2.0 s -1 at some locations in the 40
tropics and midlatitudes. Correlations of missing OH reactivity with formaldehyde, dimethyl sulfide, butanal, and sea surface temperature suggest the presence of unmeasured or unknown volatile organic compounds or oxygenated volatile organic compounds associated with ocean emissions.
Introduction
The primary fate of the thousands of trace gases emitted into the atmosphere is chemical reaction with hydroxyl (OH). While 45 OH is produced primarily by the photolysis of ozone, followed by a reaction between excited-state atomic oxygen and water vapor, OH is lost by the sum of the reaction frequencies with these trace gases. This sum of losses is called the OH reactivity and has units of s -1 . If OH production remains constant, increases in OH reactivity will decrease the total atmospheric OH concentration. Thus, understanding global OH reactivity is a key to understanding global OH and the global atmospheric oxidation capacity. 50
An important example is methane (CH 4 ), which is removed from the atmosphere primarily by reaction with OH. Two estimates of the CH 4 lifetime due to oxidation by OH are 9.7 ± 1.5 years (Naik et al., 2013) and 11.2 ± 1.3 years (Prather et al., 2012) . A recent global inverse analysis of GOSAT satellite CH 4 column emissions finds a CH 4 lifetime of 10.8 ± 0.4 years for oxidation by tropospheric OH (Maasakkers et al., 2019) , which is within the uncertainties of the other two 55 estimates. Understanding the CH 4 lifetime depends on understanding global spatial and temporal OH distribution, which is strongly influenced by the spatial and temporal distribution of OH reactivity.
OH reactivity is the inverse of the OH lifetime. It is calculated as a sum of the reaction frequencies of OH reactants multiplied by their reaction rate coefficients: 60 "# = "#%& ' ) )
.
( 1) where "#%& ' represents some species X's reaction rate coefficient with OH and ) is the concentration of that species. If there is no OH production, then the equation for the OH decay is * "# *+ = − "# .
(2) 65
The first direct measurements of OH reactivity were made in Nashville, TN in summer 1999 (Kovacs et al., 2003) . The measured OH reactivity exceeded the calculated by about 30%, which was thought to come from short-lived highly reactive VOCs that were not measured in that study. The difference between the measured and calculated OH reactivity was referred to as the "missing" OH reactivity. For forest environments, the first evidence for missing OH reactivity came from direct OH 70 reactivity measurements in northern Michigan forest in summer 2000 (Di Carlo et al., 2004) . As much as a third of the OH https://doi. org/10.5194/acp-2019-866 Preprint. Discussion started: 16 October 2019 c Author(s) 2019. CC BY 4.0 License. reactivity was missing, with missing OH reactivity increasing with temperature in a manner identical to the expected increase of forest monoterpene emissions. Since then, OH reactivity has been measured many times in various urban, rural, and forest environments (Yang et al., 2016, and references therein) . The fraction of missing OH reactivity in different forests varies from less than 20%, which is approximately the uncertainty in the measured and calculated OH reactivity (Kaiser et 75 al., 2016; Zannoni et al., 2016) , to more than 50% (Nölscher et al., 2012; Nölscher et al., 2016) . Considering the large numbers of trace gases emitted into the atmosphere (Goldstein and Galbally, 2007) , it is possible that missing OH reactivity comes from OH reactants that were not measured or not included in previously calculated totals of the OH reactivity sum. In some studies, the OH reactants have been only those that were measured, and in other studies unmeasured but modeled OH reactants -such as organic peroxyl radicals and oxygenated volatile organic compound (OVOC) products -have been 80 included. A recent intercomparison of several OH reactivity instruments demonstrated that these large missing OH reactivity values are probably not due to instrument issues (Fuchs et al., 2017) . These discrepancies have yet to be resolved.
One regime that has yet to be adequately investigated is the remote marine boundary layer (MBL) and the free troposphere above it, which comprises 70% of the global lower troposphere. Two prior studies measured OH reactivity in the MBL. The 85 most recent was shipborne across the Mediterranean Sea, through the Suez Canal, and into the Arabian Gulf in summer 2017 (Pfannerstill et al., 2019) . Median measured OH reactivity for the different waterways ranged from 6 s -1 to 13 s -1 , while median calculated OH reactivity ranged from 2 s -1 to 9 s -1 . Missing OH reactivity was more than 4 s -1 in air masses affected by pollution, although the calculated OH reactivity of ~2 s -1 was below the instrument's limit of detection (LOD) in the cleaner portions of the Mediterranean and Adriatic Seas. 90
The other study involved airborne OH reactivity measurements made during the Intercontinental Chemical Transport Experiment Phase B (INTEX-B) study, a NASA airborne campaign investigating Asian-influenced pollution over the north Pacific Ocean in April-May, 2006 (Mao et al., 2009 . At altitudes below ~2 km, missing OH reactivity was ~2.4 s -1 , more than the calculated OH reactivity of 1.6 ± 0.4 s -1 . It decreased to within measurement uncertainty above 4 km. The 95 correlation of missing OH reactivity with formaldehyde (HCHO) suggested that the missing OH reactivity was due to highly reactive VOCs that had HCHO as a reaction product. The confinement of the missing OH reactivity to the MBL and just above it suggested that cause of the missing OH reactivity was ocean emissions of volatile organic compounds (VOCs).
In this paper, we describe measurements of OH reactivity that were made during the NASA Atmospheric Tomography 100 (ATom) campaign (ATom, 2016) . This campaign took place in four month-long phases, each in a different season, between August 2016 and May 2018 and covered nearly all latitudes over the Pacific and Atlantic Oceans. Although the calculated OH reactivity in the middle-to-upper troposphere is less than the OH reactivity instrument's LOD of ~0.4 s -1 at 1σ confidence, this instrument can measure OH reactivity in and just above the MBL. The comprehensive instrument suite https://doi.org/10.5194/acp-2019-866 Preprint. Discussion started: 16 October 2019 c Author(s) 2019. CC BY 4.0 License. deployed aboard the NASA DC-8 airborne laboratory allows a detailed examination of which trace gases most influence 105 measured OH reactivity.
Methods
Here we discuss the ATom campaign, the OH reactivity instrument and its measurement capabilities, the model used to generate calculated OH reactivity, and the statistical analysis that was used to find correlations with missing OH reactivity. 110
ATom
The ATom campaign consisted of four deployments over all four seasons, starting with northern hemisphere summer in 2016 and ending with northern hemisphere spring in 2018 (Table 1) .
Each deployment used the NASA DC-8 Airborne Science Laboratory (DC-8) to profile the atmosphere by frequently 115 ascending and descending between 0.2 km and 12 km on flights north from California to Alaska, down the Pacific to New Zealand, across the Antarctic Circle to Chile, up the Atlantic Ocean to Greenland, across the Arctic Circle to Alaska and then back to California (yellow lines in Fig. 1 ). As shown in Table 2 , the DC-8 carried a suite of instruments that measured over 100 different chemical constituents, aerosol particle properties and chemical composition, photolysis frequencies, and meteorological variables (ATom, 2016) . 120
OH Reactivity Measurement
The OH reactivity concept and the basic instrument has been described before for ground-based operation (Kovacs and Brune, 2001) and for aircraft operation (Mao et al., 2009) . The instrument used for ATom, called OHR, is a version of the one described by Mao et al. (2009) . A brief description of the concept and the instrument is presented below.
125
Sampled air is brought into the instrument during flight by ram force at the 1.2 cm diameter inlet and the Venturi effect at the instrument outlet. A movable wand at the center of a flow tube (7.5 cm dia.) injects OH into the flow tube at different distances from an OH detection inlet and axis similar to the one used to detect OH in the atmosphere. In the wand, OH is generated in a flow of humidified carrier (N 2 or purified air), which is exposed to 185 nm radiation from a Hg lamp that photolyzes the H 2 O to make OH and HO 2 . As the wand moves away from the detection axis, the signal observed of 130 unreacted OH with the sample air decreases. Assuming a constant decay rate, measured OH reactivity is determined by Eq. where [OH] is the instantaneous OH concentration, [OH C ] is the initial OH concentration, ∆ is reaction time between the 135
[OH] measurements (the distance the wand moves divided by the flow speed), and 9:;<=>?@1* is the instrument background due to OH loss to the walls or to impurities in the carrier gas. The wand moves approximately 10 cm in total along its path from closest point to farthest point from the detection axis. The sampling time step is synced with the Airborne Tropospheric Hydrogen Oxides Sensor (ATHOS, an instrument used in tandem with the OHR instrument to measure in situ OH and HO 2 ), which samples at 5 Hz. Depending on the ATom phase, the wand takes 15 or 20 seconds to move 10 cm and back to its 140 starting position, where it rests for 5 or 10 seconds while the OH detection system measures the background signal. Flow speeds through the OHR instrument are measured with a hot-wire anemometer and are typically between 0.25 m s -1 at lower altitudes and 0.45 m s -1 at higher altitudes, resulting in a typical total measured reaction time between 0.40 and 0.20 seconds.
It is important to note that all OH reactivity instruments measure the "instantaneous" OH reactivity, which is only the 145 reactions that occur within the maximum reaction time observed by that instrument. This maximum time is typically less than a second. These instruments do not measure either subsequent OH reactivity or OH production if the time constants for that chemistry are greater than the maximum reaction time. In relatively clean environments, no subsequent chemistry affects the measured OH decay. However, in high NO environments, the reaction HO E + NO → OH + NO E is fast enough to convert HO 2 to OH, thereby altering the observed OH decay. No high NO environments were encountered in ATom. 150
In all previous ground-based and aircraft-based studies, high purity N 2 was used as the carrier gas in the wand. During aircraft-based studies, a cylinder of N 2 gas was consumed on each 8-hour flight and accordingly had to be replaced before the next flight. It was not possible to position caches of N 2 cylinders at each of the ~12 layovers during each ATom phase.
Instead of N 2 , air from a zero-air generator (PermaPure ZA-750-12) was used as the carrier gas in the laboratory prior to 155 ATom. Before each mission, the zero-air generator media was replaced and the air produced by the unit was verified to be pure by running it through a Potential Aerosol Mass chamber that rapidly oxidizes any VOCs to particles (Lambe et al., 2011) . No particles were seen, indicating that the air had negligible amounts of larger reactive VOCs. The exception to this procedure was during ATom4, when the zero-air generator itself had to be replaced late in instrument integration period. The media was changed prior to the ATom4 integration and the research flights, but the air purity was unable to be checked until 160
after the ATom4 phase had ended, when it was found that the OHR background was higher than in previous ATom phases.
The OHR background varied throughout the campaign due to subtle changes in the zero-air generator performance and between research flights due to internal contamination from pre-flight conditions. These variations were tracked with measurements of the OHR instrument background in the laboratory and, for ATom4, in situ during several flights. For the 165 laboratory calibrations, the internal pressure of the OHR instrument was varied between 25 and 100 kPa to simulate in-flight conditions. For the in situ calibrations taken during the second half of ATom4, the OHR instrument was switched from https://doi.org/10.5194/acp-2019-866 Preprint. Discussion started: 16 October 2019 c Author(s) 2019. CC BY 4.0 License.
sampling the ambient flow to sampling high purity N 2 from a reserve N 2 cylinder. The flow rate out of the cylinder was adjusted to match the flow speed measured by the hot-wire anemometer just prior to the switch. During ascent and descent, the internal pressure and flow speed changed too quickly over the length of one decay to get a good background calibration, 170 so background calibrations were taken only from stable altitude legs, predominantly at the low altitudes.
Two complete laboratory calibrations, the in situ calibration, and two calibrations only at ~100 kPa were used to determine 9:;<=>?@1* for the different ATom phases (Fig. 2) . The 2017 calibration applies to ATom2 and ATom3, while the 2018 calibration applies to ATom1 and ATom4. At ~1000 hPa pressure, the standard deviation is ±0.3 s -1 for the laboratory 175 calibrations and ±0.8 s -1 for the in situ calibrations. The difficulty of maintaining steady calibration conditions in flight causes the larger in situ calibration error. The excellent agreement between the laboratory and in situ background calibrations for ATom4 confirms the finding of Mao et al. (2009) that laboratory background calibrations before or after a campaign accurately capture the instrument background during the campaign. All calibrations are pressure-dependent, with all three background calibrations being the same to within 0.5 s -1 at 300 hPa instrument flow tube pressure, which is approximately 10 180 km altitude. This observed pressure dependence of the background calibration is different from the behavior of the pressureindependent background calibration used by Mao et al. (2009) . However, a re-examination of the Mao et al. (2009) data indicates that the background during INTEX-B was also pressure dependent, with a background of 2.9 s -1 at low altitudes and 2.0 s -1 at high altitudes, nearly identical to the values used for ATom2 and ATom3.
185
The OHR background varied slightly from flight to flight because the variable air quality produced by the zero-air generator.
This flight-to-flight variation was tracked and the OH reactivity background was corrected by the following procedure. The OH reactivity calculated from the model at the OHR instrument's temperature and pressure (sec Sect 2.3) was 0.25-0.30 s -1 for the upper troposphere during all ATom phases and latitudes. Even if there was 0.3 s -1 of missing OH reactivity in the upper troposphere, this amount is below the LOD for the OHR instrument, which is ~0.4 s -1 for 1-minute sums. Therefore, 190 the background calibrations were adjusted in the range of ±0.34 s -1 for each research flight by a pressure-invariant offset that was necessary to make the measured and model calculated OH reactivity the same near the tropopause. In effect, we used the upper troposphere as a clean standard in order to fine-tune 9:;<=>?@1* , just as Mao et al. (2009) did.
The OH signals in the upper troposphere were high enough to allow the slopes of the OH decays to be determined with good 195 precision for each 20-30 s decay. However, at the low altitudes, quenching of the fluorescence signal by higher air and water vapor abundances reduced the OH signals. To compensate for this reduction, decays were binned into 1-minute sums before the decay slopes were calculated. Three OH signal decays from low altitudes during ATom2 are shown in Fig. 3 . When 9:;<=>?@1* is subtracted from the decays shown in Fig. 3 , their values become ~5 s -1 (blue), ~3 s -1 (teal), and ~2 (yellow) s -1 . At all pressures, the background calibration data indicate that the backgrounds are known to ±0.4 s -1 at 1σ confidence. The uncertainty in decay fit is approximately 7.5% at the 1σ confidence level, such that the total uncertainty can be found by Eq.
(4).
For example, for a measured decay of 5 s -1 , the resulting uncertainty would be ±0.55 s -1 at 1σ confidence. Therefore, in each ATom phase, the total uncertainty in the OH reactivity is dominated by the instrument background uncertainty.
The calculated OH reactivity rarely exceeded 2 s -1 in the planetary boundary and was only 0.2 s -1 in the free troposphere. 210
These low values presented a significant challenge for our OHR instrument, as it would have for any OH reactivity instrument; even the most precise instrument measuring in a chamber at its home laboratory has a LOD of ±0.2 s -1 , 1σ confidence, for a measurement integration time of 60-160 seconds (Fuchs et al., 2017) . If the same instrument were to sample air masses on an aircraft traveling 200 m s -1 , its precision would likely be degraded. From this perspective, the LOD on these ATom measurements is about as low as that for any other OH reactivity measurements. 215
The analysis in the paper is focused on the first three ATom phases. ATom4 is excluded from this analysis for two reasons.
First, background calibrations were performed during more than half of the low-altitude periods over the Atlantic, severely limiting the ambient measurements in the MBL. Second, the increased contamination during ATom4 made the OH reactivity measurements 2-3 times noisier than during the previous ATom phases. 220
Photochemical Box Model
The photochemical box model used to calculate OH reactivity is the Framework for 0-D Atmospheric Modeling (F0AM) . It uses the Master Chemical Mechanism v3.3.1 (MCMv331) for all gas-phase reactions (Jenkin et al., 1997; Saunders et al., 2003) . Both the F0AM model framework and MCMv3.3.1 are publicly available. The reactions of CH 3 O 2 + OH and C 2 H 5 O 2 + OH were added to the model mechanism with rate coefficients from Assaf et al. (2017) . The 225 model was run with the integration time set to 3 days with a first-order dilution lifetime of 12 hours, although the calculated OH reactivity was the same to within a few percent for an order-of-magnitude change in these times. The model was constrained by the simultaneous measurements listed in Table 2 . These measurements were taken from the 1-second merge file, averaged to 1-minute values, and interpolated to a common 1-minute time step. In cases where multiple measurements of a chemical species exist (e.g., CO), a primary measurement was chosen and other measurements were used to fill gaps in 230 the primary measurement.
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The OHR flow tube temperature and pressure were used to calculate reaction rate coefficients and reactant concentrations to compare with the observations. Equation 1 was then used to find the model calculated OH reactivity. If the measured and calculated OH reactivity agreed, then there was no missing OH reactivity to within the uncertainties for both the measured 235 and the model calculated values. However, if there was missing OH reactivity in the flow tube, then the missing OH reactivity in the atmosphere may be different because the temperature dependence of its reaction rate coefficients is unknown. Fortunately, the focus of this study is in and just above the MBL where the flow tube pressures and temperatures are nearly identical to atmospheric temperatures and pressures. The OH reactivity calculated from the model output at the flow tube pressure and temperature is within ±10% of that calculated at ambient conditions. Thus, the missing OH reactivity 240 calculated at flow tube temperature and pressure is assumed to be equal the atmospheric missing OH reactivity.
If missing OH reactivity is found, a likely source is unknown VOCs or OVOCs, which we will call X. The abundance of X was determined from the missing OH reactivity by Eq. (5).
245
where X is the missing chemical species (ppbv), mOHR is the missing OH reactivity, &%"# is the reaction rate coefficient for the reaction X + OH → products, and M is the air number concentration. We assume that &%"# = 10 cVC cm 3 s -1 , which gives X a lifetime of an hour. For these assumptions, an X abundance of 400 pptv corresponds to a missing OH reactivity of 250 1 s -1 . This arbitrary rate coefficient approximates a rate coefficient for a reaction of a sesquiterpene with OH. If X is an alkane or alkene that has a lower reaction rate coefficient, then the required X abundance would be larger.
Simple X oxidation chemistry was added to the photochemical mechanism to test the impact of X on the modeled OH and HO 2 . This assumed chemistry is provided in Table 3 . XO 2 is used to designate the peroxy radical formed from X. Rate 255 coefficients for CH 3 O 2 and CH 3 OOH were assumed to apply to XO 2 and XOOH. Case 1 assumes that no OH is regenerated in the oxidation sequence for X, while case 2 assumes that OH is regenerated for every oxidation sequence of X.
Correlation Analysis
If missing OH reactivity persists after the background is subtracted from the OH reactivity measurements and a comparison is made to the model calculated OH reactivity, then a correlation analysis might determine its causes, which could then be 260 further investigated. Linear regressions were found for missing OH reactivity and every measured and model-calculated chemical species and meteorological parameter. Model-calculated chemical species with abundances less than 1 pptv were not included in the regressions. Correlations were performed on the first three ATom phases individually and the first three Individual measured or model calculated meteorological parameters or chemical species passed a preliminary correlation threshold for missing OH reactivity if the sign of each regression was the same for ATom1, ATom2, and ATom3.
Correlations that passed this preliminary filter had their R 2 values averaged between each phase individually and grouped together. Some extreme outlier points were removed before correlations were calculated. The averaged correlation 280 coefficients were then tallied and ranked from greatest to least R 2 . The top 10% of these correlations for both the per-dip and per-flight averages were combined into one list. The same multi-step technique was performed on all the chemical species and meteorological parameters as they were correlated with latitude as well, under a similar breakdown for Northern, Southern, Eastern and Western hemispheres. Both lists were then combined into a single list and the strongest of these correlations were reported. 285
Results
The focus of these results is the OH reactivity measurements in and just above the MBL. However, the OH reactivity measurements are shown for the entire range of altitudes, even though the high-altitude (>10 km) OH reactivity values were set to the model calculated OH reactivity that was corrected to the OHR flow tube pressure and temperature.
The average calculated global OH reactivity at the lowest altitudes is about an order of magnitude less than the average OH 290 reactivity in cities or forests (Yang et al., 2016) . Model-calculated OH reactivity is less than 2 s -1 averaged over all latitudes and seasons (Fig. 4) . In different seasons and regions, this calculated OH reactivity consists of CO (30-40%), CH 4 (19-24%), methyl hydroperoxide (MHP) (5-16%), aldehydes (11-12%), H 2 (6-7%), O 3 (2-5%), and HO 2 (2-6%), with the remaining reactants totaling less than 10%. The ordering of these reactants is similar to that of Mao et al. (2009) 
Global OH Reactivity Over Oceans
The median measured OH reactivity equals the median model-calculated OH reactivity to within ±1σ statistical uncertainty until below 2-4 km, where it becomes greater than the median model-calculated OH reactivity (Fig. 4) . The median missing 300 OH reactivity becomes greater than 0 below 2-4 km, depending on the ATom phase, reaching median values between 0.2 and 0.8 s -1 in the marine boundary layer (MBL) for ATom1 through ATom3. In some locations, primarily the northern and tropical Pacific Ocean, missing OH reactivity was 1-2 s -1 , and even larger on a few occasions.
Missing OH Reactivity: Statistical Evidence
For missing OH reactivity to be meaningful, some missing OH reactivity points must be much greater than the statistical 305 spread of the OH reactivity measurements. Missing OH reactivity is not measured above 8 km because we assumed no measurable OH reactivity was there in order to identify the internal instrument contamination for each flight. However, these data provide insight into the measurement precision (Fig. 5 ). Missing OH reactivity is shown for ATom1, ATom2, and ATom3. The dotted black bands represent ±2σ standard deviation for data averaged into 0.5 km altitude bins. About 95% of all points above 4 km are within that phase's 2σ uncertainty bands, which is consistent with a statistically normal 310 distribution.
Quantile-quantile plots provide a visual description of the differences in the distributions of missing OH reactivity values above 8 km and below 4 km, representing the top third (8-12 km) and bottom third (0-4 km) of the sampled troposphere (Fig.   6 ). If these values were purely normal distributions, as would be expected from a missing OH reactivity created solely by 315 the instrument uncertainty, then they would lie along the red dashed lines. Values higher than the red dashed line indicate that the number of missing OH reactivity values in that part of the distribution is much greater than would be expected for a normal distribution. The missing OH reactivity values measured below 4 km altitude lie along the red dashed line, which passes through (0.0, 0.0), indicating that the median value is 0 s -1 and the values follow the normal distribution. However, while more than 90% of the missing OH reactivity values below 4 km follow the normal distribution, there are many missing 320 OH reactivity values that fall above those predicted by a strictly normal distribution. This deviation from a normal distribution indicates that the missing OH reactivity exceeds the statistical error range.
A Student t-test also determines whether the missing OH reactivity from the lowest 4 km is statistically consistent with the normally distributed points above 4 km. For each campaign, the calculated p-values are below 10 -5 . As a result, we can reject 325 the null hypothesis that the missing OH reactivity in the lower troposphere comes from the same distribution as those in the upper troposphere. These two tests provide statistical evidence that the observed missing OH reactivity is significant.
Correlation of Missing OH Reactivity with Other Factors
From the correlation analysis described in Section 2.5, only a few factors stand out as being related to missing OH reactivity.
The first is latitude. Figure 7 illustrates this correlation by plotting the missing OH reactivity as colored circles along the 330 same flight tracks and dip locations as in Fig. 1 . Missing OH reactivity is higher in the tropics and mid-latitudes and lower near the poles, in addition to having slightly increased values in the summer hemisphere. Most missing OH reactivity is less than 2 s -1 across all latitudes and seasons. The latitudinal dependence implies that air or sea temperature or other latitudedependent factors contribute to missing OH reactivity. Further, Fig. 7 also shows evidence that the missing OH reactivity in the northern Pacific is greater than that in any other hemisphere. 335
A special note should be made regarding the northern Pacific data for ATom2. One flight (Anchorage, Alaska to Kailua-Kona, Hawai'i) accounts for every missing OH reactivity value greater than ~2 s -1 . These points are anomalous in the context of all ATom OH reactivity measurements, and they do not correlate with the modeled influence from fires, convection, land, or the stratosphere. While present on some figures for completeness, they were not included in the correlation analysis. 340
Following the procedure given in Section 2.5, the main correlations that stand out are butanal (C 3 H 7 CHO), dimethyl sulfide (DMS, CH 3 SCH 3 ), formaldehyde (HCHO), and sea surface temperature (SST), as shown in Fig. 8 . A number of modeled pptv-level butanal products also correlate with missing OH reactivity. Interestingly, missing OH reactivity correlates only weakly with acetaldehyde and chlorophyll. SST and chlorophyll data come from NASA Earth Observations (2019). These 345 correlations suggest that the missing OH reactivity comes for an unknown VOC or OVOC that has HCHO and butanal as products and is co-emitted with DMS. The correlation with SST suggests an ocean source, as a higher temperature implies more emissions. Either biological activity of phytoplankton in the sea surface microlayer (Brooks and Thornton, 2017; Lana et al., 2011) or abiotic sea surface interfacial photochemistry (Brüggemann et al., 2018) could be the source of these VOCs and OVOCs. 350
Comparison to INTEX-B
HCHO is a good indicator for VOC photochemistry because it is an oxidation product for many VOCs. Thus, HCHO should correlate with missing OH reactivity. The ATom missing OH reactivity at the per-dip time resolution is compared to Mao's missing OH reactivity below 2 km for times when NO is less than 100 pptv (Fig. 9) . We use the per-dip time resolution of ~5 minutes in this comparison rather than per-flight to better align with the time resolution in Mao et al. (2009) The linear fit of the missing OH reactivity against HCHO data from Mao et al. (2009) is given as the solid red line in Fig. 9 . 360
If instead the pressure-dependent background is used, then the resulting missing OH reactivity against HCHO follows the dashed red line. With the INTEX-B background uncertainty at ±0.5 s -1 and ATom background uncertainty at ±0.4 s -1 , both at the 1σ confidence level, the linear fits for missing OH reactivity against HCHO in ATom and INTEX-B agree to within combined uncertainties. Thus, the adjusted missing OH reactivity found in INTEX-B is consistent with the missing OH reactivity found in the ATom phases over the northern Pacific Ocean. 365 4 Discussion Mao et al. (2009) calculated HO 2 /OH assuming that the cycling between OH and HO 2 was much greater than HO x production. That assumption is not valid for ATom because the low NO and OH reactivity values reduce the recycling to rates comparable to HO x production. On the other hand, by adding simple X photochemistry to the MCMv331 mechanism, as discussed in Section 2.3, it is possible to determine if the measured OH and HO 2 are consistent with observed missing OH 370 reactivity. For case 1 in which there is no OH produced in the X oxidation sequence, the modeled OH and HO 2 become substantially less than observed at altitudes below 6 km. On the other hand, if XO 2 and its products autoxidize to produce OH (Crounse et al., 2013) , then the modeled OH and to a lesser extent HO 2 become greater than observed. The optimum agreement between observed and modeled OH and HO 2 would require a partial recycling of OH, but without knowing the identity of X, it is not possible to know the fraction of OH that should be recycled in the chemical mechanism. Thus, this 375 analysis neither supports nor refutes the missing OH reactivity measurements.
Several recent studies provide evidence for an unknown VOC or OVOC emitted into the atmosphere from the ocean.
Oceanic sources have also been proposed for butanes and pentanes in some regions (Pozzer et al., 2010) and for methanol (Read et al., 2012) . Measurements of biogenic VOCs in coastal waters found monoterpenes, C12-C15 n-alkenes, and several 380 higher aldehydes that could contribute to enhanced OH reactivity (Tokarek et al., 2019) .
Unexpectedly large abundances of acetaldehyde (CH 3 CHO) have been observed in the marine boundary layer and the free troposphere (Singh et al., 2004; Millet et al., 2010; Read et al., 2012; Nicely et al., 2016; Wang et al., 2019) and the ocean is suspected to be the source. While earlier measurements may have been compromised with interferences, recent 385 measurements of unexpectedly high acetaldehyde abundances are supported by unexpectedly large abundances of peroxyacetic acid, which is produced almost exclusively through acetaldehyde oxidation (Wang et al., 2019) . Wang et al. observed that the ocean effects on acetaldehyde were confined primarily to the MBL and were able to approximately model the vertical distribution by using direct ocean emissions of acetaldehyde. However, it is possible that some of the observed acetaldehyde was produced by rapid oxidation of VOCs or OVOCs emitted from the ocean. The missing OH reactivity is primarily in the MBL, but often extends upward to as high as 2 km to 4 km in some dips.
Above 4 km, the OH reactivity measurements are too near their LOD and thus too noisy to know if OH reactivity and acetaldehyde decrease the same way with altitude, but it is possible that they do. A similar decrease with altitude would imply that the unknown reactant lives long enough to be distributed throughout the free troposphere. If, on the other hand, 395 the missing OH reactivity is only in and just above the planetary boundary layer, then the unknown reactant could have a much shorter lifetime. The lack of correlation between missing OH reactivity and acetaldehyde in the MBL suggests that the unknown reactant responsible for the missing OH reactivity is not necessarily connected only to an ocean source of acetaldehyde.
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From Eq. (5) and the measured missing OH reactivity, the abundance of the chemical species X would typically be a few tenths of a ppbv, assuming that X is a sequiterpene with a typical reaction rate coefficient of 1x10 -10 cm 3 s -1 . The median value for X is 0.26 ± 0.23 ppbv for the per-dip bins. If X is an alkane with a typical reaction rate coefficient of 2.3x10 -12 cm 3 s -1 , then its mixing ratio would need to be more than 10 ppbv.
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The lifetime of the unknown VOC is important because it determines the source strength necessary to maintain the measured missing OH reactivity. For instance, if the unknown VOC is an alkane with a reaction rate coefficient with OH of 2.3x10 -12 cm 3 s -1 , then an unlikely large oceanic source of 360 Tg C yr -1 would be necessary (Travis et al., 2019) . However, if the unknown VOC is an alkene, such as a sesquiterpene, then the reaction rate coefficient with OH would be ~1x10 -10 cm 3 s -1 and the required oceanic source would be a more reasonable 8 Tg C yr -1 . 410
Conclusion
Measured OH reactivity significantly exceeds calculated OH reactivity in the marine boundary layer during ATom. This missing OH is most prominent over the northern and tropical Pacific Ocean where it had median values of 0.2-0.8 s-1 for the different ATom phases, but rose to more than 1-2 s -1 in some locations. These higher values correspond to ~0.5 ppbv of a fast-reacting VOC, such as a sesquiterpene. The correlation of missing OH reactivity with formaldehyde, butanal, dimethyl 415 sulfide, and sea surface temperature and the requirements for a smaller unknown reactive gas abundance and ocean source strength suggest that an ocean source of short-lived reactive gases, possibly VOCs or OVOCs, is responsible. This missing OH reactivity is qualitatively consistent with the observed unexpectedly large abundances of acetaldehyde, peroxyactic acid, and other oxygenated VOCs. They may share the same cause. Finding this cause will require focused studies of detailed atmospheric composition in regions where missing OH reactivity and acetaldehyde excess are greatest. 420
Data and Model Availability
The data and model used in this paper are publicly available: 
